The 14 Å resolution structure of the 2.3 MDa Ca 2C release channel (also known as RyR1) was determined by electron cryomicroscopy and single particle reconstruction. This structure was produced using collected data used for our previous published structures at 22-30 Å resolution, but now taking advantage of recent algorithmic improvements in the EMAN software suite. This improved map clearly exhibits more structural detail and allows better defined docking of computationally predicted structural domain folds. Using sequence-based fold recognition, the N-terminal region of RyR1, residues 216-572, was predicted to have significant structural similarity with the IP 3 -binding core region of the type 1 IP 3 R. This putative structure was computationally localized to the clamp-shaped region of RyR1, which has been implicated to have a regulatory role in the channel activity.
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The type 1 ryanodine receptor (RyR1), the main player in excitation-contraction coupling in skeletal muscle, represents an intracellular Ca 2C release channel located in the sarcoplasmic reticulum (SR) membrane. Each subunit of RyR1 is composed of 5037 (or 5032) amino acid residues with predicted M r of 565 kDa. Four RyR1 monomers assemble as a homotetrameric complex with a molecular mass of w2.3 MDa, making it one of the largest known ion channels. RyR1 functions as a cation-specific ligandgated channel which can be modulated by a variety of physiological ligands including Ca 2C , Mg 2C , calmodulin, FKBP12, and ATP. In skeletal muscle, activation of RyR1 occurs through interaction with the dihydropyridine receptor (DHPR), located in the transverse tubular membrane, directly opposite RyR1 in the SR membrane. The RyR1 structure combines large size with complex allosteric modulation of channel gating, producing conformational variability in the sample corresponding to a mixture of different functional states in a reaction mixture. Due to the large number of potential modulators, producing a structurally homogeneous population for high-resolution imaging is quite challenging.
Nonetheless, this particle was among the first non-icosahedral structures to be solved using electron cryomicroscopy and single particle analysis at low resolution. The overall structure of RyR1 has been determined at resolutions of 22-30 Å from studies of frozen-hydrated receptors, providing a quaternary structure of this complex. [1] [2] [3] Further experiments exhibited morphological changes associated with the channel's open and closed states, 4, 5 as well as localization of cellular regulator binding sites [6] [7] [8] and of the N-terminal region. 3, 9 Membrane proteins are among the most difficult targets for single particle reconstruction for numerous reasons, including possible structural flexibility of the channel, possible heterogeneity in the transmembrane domain due to varying amounts of detergent, and poor image contrast due both to the presence of detergent and the use of a continuous carbon substrate for adhering particles to the EM grid. Despite the considerable effort spent to extend the resolution of these reconstructions over the past decade, little success has been achieved, and low-resolution structures have remained the basis for many speculations on the detailed structure-functional relationships in this channel.
Through improvements to several image processing algorithms in the EMAN software suite, 10 we have now achieved a substantial improvement to 0022-2836/$ -see front matter q 2004 Elsevier Ltd. All rights reserved.
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E-mail address of the corresponding author: sludtke@bcm.tmc.edu 14 Å resolution. The reconstruction was performed using a larger subset of the same data used for our latest 22 Å structure of the closed state of the channel.
3 Our 14 Å map clearly elucidates substructures within both the cytoplasmic and transmembrane regions of the channel ( Figure 1 ). As expected, the overall morphology of the channel remains the same:
2,3 the channel structure exhibits a characteristic square mushroom shape with a bulky cytoplasmic region and the membrane-spanning stem. The cytoplasmic assembly extends over 100 Å from the membrane, providing the possibility for a physical link between RyR1 and DHPR. Among the structural details revealed is the complex structure of the clamp-shaped regions at the four corners with many grooves with numerous intervening cavities (Figure 1(a) ) that appear suitable for inter-digitating with neighboring molecules of RyR1 as seen in situ 11 or with modulatory auxiliary proteins. The clamp-shaped regions may be those interacting with DHPRs.
12,13
The stem region is comprised of four high density column domains attached to a square-shaped structure spanning the SR membrane ( Figure 1(b) ). Viewed from the cytoplasmic side, there is a hollow in the center of the transmembrane domain, which, at high isosurface thresholds can even appear as a hole through the structure. At this resolution, no definitive statements can be made about the location of the actual pore, but this region seems a strong candidate. In addition, for the first time, some clear density is observed on the inside of the SR membrane. While the transmembrane region is better defined in this structure than the previous structures, the number of transmembrane helices still cannot be resolved. This is largely due to uncertainties about the amount of disordered detergent expected to exist around the transmembrane domain. Several models have been proposed for the transmembrane region, which predict four, 14 eight 16 and twelve 15 transmembrane helices, respectively. In the current structure, none of these models can be decisively eliminated. It is unlikely that this issue will be resolved until a structure of at least 8-10 Å resolution is available and a-helices can be more clearly resolved ( Figure 2 ).
Localization of the N-terminal region of RyR1
In a large molecule like RyR1, it is reasonable to expect that multiple structural domains will exist, and that these domains may correlate with known sequences or folds from other structures. This is a two-stage process. First, homologous folds are Figure 1 . Stereo views of the 3D structure of RyR1 at 14 Å resolution. The structure is shown at an oblique angle as viewed from the cytoplasm (a) and in a side view (b) with the cytoplasmic side facing upward. The reconstruction was generated using w22,000 individual particle images collected on a JEOL 1200EX electron cryomicroscope, equipped with a tungsten filament and operated at 100 kV under minimal dose conditions (5-7 e/Å 2 ) and at the defocus range of 0.9-4.1 mm. 3 The closed channel conformation was obtained by the depletion of Ca 2C with 1 mM EGTA. 2, 3 The threshold level corresponds to an enclosed protein mass of 2.5 MDa assuming a protein density of 1.35 g/cm 3 . The scale bar represents 100 Å . predicted using one of many available databases as described below. Once a homologous domain has been predicted, the corresponding 3D fold is converted into an electron density map at an appropriate resolution and docked into the cryo-EM reconstruction. The first step is predictive in nature and its accuracy may vary depending on the algorithm and the scope of the database used in the homology search. The reliability of the second step depends on the size of the homologous structure compared to the resolution of the cryo-EM reconstruction as well as the topological complexity of the features being docked. Nevertheless both procedures have substantially improved over recent years.
In our earlier studies using the UCLA-DOE Fold recognition server, 17 we found residues 41-420 of RyR1 to be homologous to phosphorylated isocitrate dehydrogenase, 4ICD. 3 However, this fold is no longer found by the current version of this server. This appears to be due to changes made to the homology determination algorithms used on this server. This fold is also not found by any of the newer homology servers available through the Structure Prediction Meta-Server. 18 However, homology prediction has been an active field in recent years, and substantial improvements have been made. Using the 3D-PSSM fold recognition server, 19 we now find that the N-terminal region of RyR1, residues 216-572, has significant structural similarity with the IP 3 -binding core region (residues 226-576) of the type 1 IP 3 R. 20 The E-value for this prediction was found to be 2.54!10 K27 , corresponding to a 95% confidence level. The two sequences have a sequence identity of 20%. This prediction was further confirmed using multiple servers through the Structure Prediction Meta-Server. All servers ranked this as the most homologous fold to RyR1, with the exception of the UCLA-DOE server, which does not contain this fold. Furthermore, at the time of our previous publication, the IP 3 R crystal structure had not yet been published. This consensus of multiple algorithms strongly supports the hypothesis that this prediction represents a true homology.
To localize the predicted homologous IP 3 R domain within the 3D structure of RyR1, a homology model for the N-terminal region of RyR1 was constructed based on the X-ray structure of the IP 3 -binding core region 20 and docked into the 14 Å density map using Foldhunter. 21 The best fit for this domain was found to be in the clampshaped region of the RyR1 structure (Figure 3) . Using a new option for ascertaining fit quality, this fit was found to have a confidence level greater than 95%. This assignment of the RyR1 N-terminal region also agrees well with previous assignments based on experimental evidence. 3, 9 In an additional test, we found that IP 3 has no effect on [ 3 H]ryanodine binding to SR membranes (data not shown). Again, this evidence is not conclusive, since the lack of functional effect may be caused by the mechanism that this structural motif of RyR1 is used for. It is known that similar domain folds may exist in different proteins, and serve very different functions. For example, the seven-bladed beta-propeller fold has been found in proteins from multiple superfamilies with totally different functions. [22] [23] [24] [25] Sequence analysis shows that the IP 3 -binding-like region of RyR1 includes much of the region responsible for genetic diseases (MH/CCD in residues 35-614), and the Leucine Zipper region (LZ1, residues 541-593). This latter region has been implicated as a protein-protein interaction motif with anchoring proteins that in turn bind protein kinase A and protein phosphatase 1 to regulate the RyR1 activity. 26 It is also worth mentioning that the putative structure corresponding to the LZ1 region is located in close proximity to To avoid any possibility of initial model bias, no reference was made to any previous model during refinement. The structure was refined from an initial model generated from automatically generated top and side views of the particle with 4-fold symmetry enforced. The overall refinement methodology was the same as a typical iterative EMAN refinement: projection-based particle classification: generation of a contrast transfer function (CTF)-corrected average for each class followed by reconstruction of a new 3D model from the classaverages. 29 This refinement is iterated until convergence is achieved. The algorithm improvements which allowed this resolution improvement are described in detail elsewhere. 10 First, the precision of the 2D alignment routine was improved, producing more accurate classifications. Second, classification accuracy was also enhanced through use of a new similarity criterion incorporating a true per-particle Wiener filter. Third, the resolution of the individual class-averages was improved through gradual reduction of the iterative self-alignment process used to produce class-averages. Resolution in the final reconstruction was determined using the standard technique of splitting the data into even and odd halves and calculating a FSC curve. In this case the most conservative, 0.5 threshold value was used. Since the determined 14 Å resolution is already approaching the traditional sampling limit of 3! oversampling, claiming any resolution beyond this point would not be justified.
the region where the FKBP12 binding site was previously localized. 6 The clamp-shaped domains of RyR1 have been shown in our previous studies to undergo conformational changes between open and closed states of the channel, 4, 5 and structural heterogeneity in these regions can be observed even within data collected ostensibly in a single functional state (S.J.L., unpublished results). Remarkably the peripheral regions of the cytoplasmic assembly of IP 3 R1, in which we have putatively localized the IP 3 -binding domains, 27 also undergo a substantial Ca 2C -induced structural change. 28 Based on these findings and the relatively high conservation of similar sequence motifs in the N-terminal domains of RyRs and IP 3 Rs, we propose that the clamp-shaped domains of RyR1 and the peripheral domains in the cytoplasmic region of IP 3 R1 are the most likely regions for channel-specific modulators. Therefore, they must be allosterically coupled to the transmembrane domains in order to induce the opening of the Ca 2C permeable pore. This structure takes a substantial step towards subnanometer resolution on this important macromolecule. Our future work will focus on improvements to the experimental conditions and collection of a larger data set on a higher resolution electron cryomicroscope. domain (blue/red ribbon) and corresponding 14 Å density map (transparent red) generated using EMAN. The sequence corresponding to the LZ1 region residues 541-572 is shown with red ribbon. A homology model was generated by mapping of the coordinates of the X-ray structure of the IP 3 -binding core region (1N4K) 20 and the sequence residues 216-572 of RyR1 aligned to them. The model was further enhanced by the addition of side-chains using the SCWL algorithm. 30 Sequence alignment, secondary structure prediction and homology modeling were performed using 3D-PSSM Fold Recognition server. (b) Fitting of 14 Å electron density map of the IP 3 -like domain within RyR1 tetramer shown in tilted stereo top-view. Assignment of mass densities for the IP 3 -like domain was performed using 6D fitting program Foldhunter as previously described. 3 The top four correlation peaks with local correlation coefficients of about 0.91 (Foldhunter score) are found in the clamp-shaped domain of each of the four monomers in the RyR1 reconstruction. This fit had a z-score of 1.97. z-Score is a statistical measure of the number of standard deviations from the mean, which, in this case, corresponds a confidence level greater than 95%. A star marks the C terminus of the modeled region.
